This paper presents the results of the investigation of pollutant build-up on impervious surfaces of a parking lot in Belgrade, Serbia during the summer months. Contaminant build-up was found to be greater on asphalt surfaces directly exposed to vehicular traffic than on concrete walkways. The difference in the amounts of accumulated pollutants between asphalt and concrete were significant: for total solids (TS), total suspended solids (TSS), chemical oxygen demand (COD), heavy metals and total phosphorus (TP) accumulations were two to three times higher, while only 30% higher for total nitrogen (TN) and anions. Build-up of most of the measured parameters was best described by power functions. The highest surface loads were found for solids, COD, iron and zinc. A strong correlation was found between turbidity, TS, TSS, COD, heavy metals and phosphorus, while conductivity, nitrates and nitrites were weakly correlated to other parameters.
INTRODUCTION
Pollution from urban and road runoff is usually described as a two-stage process: pollutant surface build-up during dry weather periods and pollutants wash-off from surfaces during rainfall events (Vaze & Chiew ) . Early studies of pollutants deposited on road surfaces revealed that storm water pollutants are primarily associated with particles accumulated on impervious surfaces (Sartor & Boyd ) . The rate of contaminant build-up on urban surfaces is influenced by various site-specific factors such as climate, land-use, traffic volume, vicinity of roads and streets, climate and other factors (Egodawatta & Goonetilleke ) . The following functions mathematically describe the contaminant accumulation process during dry weather periods (Hvitved-Jacobsen et al. ; Rossman ):
Power function (POW):
Exponential function (EXP):
Saturation function (SAT):
where B is the pollutant build-up after time period t (mass/ area); t, Δt is the time or time period, C 1b is maximum buildup possible (mass/area), C 2b is the build-up rate constant or half-saturation constant and C 3b is the time exponent. Coefficients C 1b , C 2b and C 3b depend on site specific conditions and have to be determined from the investigation results. The knowledge of the build-up processes is important when predicting pollutants in the runoff and the total stormwater pollutant loads from a catchment. Recent studies show that the amount of accumulated matter on the surface is a limiting factor for wash-off of finer particles (<105 μm), for initial wash-off pollutants (first flush) and for larger rain events as higher intensity in larger rain events results in greater transport capacity, and finer particles and some coarser particles can be removed (Zhao et al. ) .
Antecedent conditions are of particular importance as build-up during dry days occurs relatively quickly after a rainfall event, but slows down after several days due to redistribution induced by wind (Vaze & Chiew ) . Early reports investigating contaminant accumulation on road surfaces found that particulate loadings begin to level off after 3-4 days as portions of the material may be picked up by passing traffic (Shaheen ) . Analyses of pollutant build-up from air deposition by Wicke et al. () over a 13-day dry period show that accumulation of pollutants increased over the first week and leveled off thereafter, supporting theories that contaminant accumulation on impervious surfaces asymptotically approaches a maximum. However, from available studies it can be concluded that pollutant build-up has great temporal and spatial variations. These studies focused predominantly on examination of accumulation of solids and heavy metals. Studies investigating the accumulation of nutrients or other specific pollutants such as anions are rare.
Parking lots have been identified as a significant source of pollutants in surface runoff (Hvitved-Jacobsen et al. ). For purposes of investigating site-specific conditions and testing various urban water runoff control and treatment methods, an experimental catchment area was developed in Belgrade, Serbia, in the parking lot area of the Faculty of Civil Engineering, University of Belgrade. This paper represents the study of contaminant build-up dynamics and spatial variations, aimed at estimating the range of contaminant content on impervious surfaces of the parking lot under site-specific conditions.
METHODS
The experimental catchment included local parking interconnection roads (asphalt), parking lots (asphalt and cube stone), concrete sidewalks, a metal roof and green areas. The experimental site is located 50 m from the surrounding streets and is separated from heavy traffic corridors by a 0.7 m high concrete wall and a line of planted trees that are intended to reduce the influence of nearby city traffic. The experimental catchment has a total area of 3,330 m 2 , where impervious surfaces cover 68.9% and pervious surfaces (green areas) cover 31.1% of the total area. There are constraints arising from the heterogeneity of urban surfaces and the common dependency on naturally occurring rainfall for water quality studies (Egodawatta & Goonetilleke ) . In this research, asphalt parking lot and concrete sidewalk surfaces were examined. It was assumed that the characteristics are uniform over a small total area of 4 m 2 representing each investigated surface type, which was further divided into sampling areas of 0.5 m 2 each. Prior to the conducted analyses of pollutant build-up, the examined surfaces were washed with predefined intensity in order to eliminate the dependency on naturally occurring rainfall and to provide better control over influential variables such as rainfall intensity and duration. Sampling of materials deposited on impervious surfaces was performed using the 'wet' vacuum sweep technique, due to its proven efficiency in collection of accumulated materials from impervious urban surfaces (Deletić & Orr ) . The applied method involved the encapsulation of a selected area, simultaneous wetting of the area with deionised water and removal of the formed suspension with a Kärcher Puzzi 100 Super industrial vacuum cleaner. A square metal frame enclosure, 707 × 707 mm (enclosed area of 0.5 m 2 ) was fabricated to ensure that a consistent area was sampled on each occasion. The metal frame was temporarily sealed to the surface with putty to retain water and sediment inside the frame during sampling (Figure 1 ). The vacuum sweeper consisted of a clean and dirty water tank (10 L and 9 L capacities, respectively) and an extraction pipe with a polyethylene brush and spray nozzles. The wet sweeping conditions were created by use of the spray nozzles. The spray nozzles were positioned under the head of the polyethylene brush, with a spray pressure of 1 bar and a 1 L/min spray rate. This water pressure resulted in improved collection efficiency by dislodging fine particles bonded to the surface. Prior to sampling, 50 mL of deionised water was sprayed over the framed area in order to avoid unintended re-suspension of finer particles during the sampling procedure. A total 2 L of deionised water was used from the clean water tank to collect sample at each sampling location. The water recovery rate during wet-sweeping (the ratio between the mass of water used in the clean water tank and the mass of water collected by wet sweeping) was between 93% and 97%.
Vacuuming was performed by moving the vacuum nozzle across the surface in parallel stripes at a rate of approximately 10 cm/s (Figure 1 ). During the vacuuming process, deionised water was continually being sprayed while the formed aqueous sample suspension containing surface particles was vacuumed. This procedure was repeated four times in each direction. The collected samples were transferred to pre-cleaned polyethylene containers, sealed, labelled and stored at 4 C until laboratory analyses.
The vacuum cleaner's clean and dirty water tanks, as well as the extraction pipe and nozzle, were cleaned with deionised water prior to each sampling. Sampling of deposited materials was conducted on asphalt (parking area directly exposed to vehicular traffic) and concrete (pedestrian walkways next to the parking lot) surfaces during summer, following a two-week dry period. The sampling campaign lasted for a total of 13 days and a total of 18 samples from asphalt (parking lot) and concrete (sidewalks) surfaces were collected. Following the initial sampling performed on Day 1, on Day 2 the surfaces were thoroughly washed with potable water for 10 min with an intensity of approx. 30 L/m 2 . On the following 11 days (Days 3-13), sampling was performed on asphalt and concrete surfaces, each time from a different area. The collected bulk liquid samples from asphalt and concrete surfaces, consisting of both the liquid and solid phase, were subjected to chemical characterisation and solids separation, following the analyses of the solid phase, including particle size distribution fractionation, chemical and physicochemical characterisation. This paper focuses on chemical characterisation of bulk samples and investigation of pollutant build up, while details related to the analyses of solid fraction are provided in Djukić et al. () . A total of 18 parameters were analysed in bulk samples: pH, turbidity, conductivity, total solids (TS), total suspended solids (TSS), chemical oxygen demand (COD), nutrients, heavy metals (Fe, Zn, Cr, Cu) and anions (NO 2
). The applied analytical methods are presented in Table 1 . 
RESULTS AND DISCUSSION
Results of the laboratory analyses of samples taken on Day 1, following a two-week dry period, are given below: the values of pH, conductivity (κ) and turbidity are given in Table 2 and the total amount of accumulated pollutants expressed in kg/ha are given in Table 3 . Investigations of pollutant build-up on impervious surfaces during summer weather conditions included the analyses of a total of 16 samples of materials collected from asphalt and concrete surfaces during an 11-day dry period. The results of the characterisation of the bulk samples revealed that pH value was in the range of 7.75-8.48 for samples from asphalt and in the range from 8.39 to 9.57 for samples from concrete surfaces. Heavy metals in the analysed samples were predominantly present in a particulate form. Within the dissolved fraction, the amount of Fe and Zn was less than 5%. The low quantities of heavy metals in the dissolved fraction in runoff was also determined in previous investigations (Glenn & Sansalone ) . The analysis of surface morphology and mineralogy revealed that the solid phase particles consisted predominantly of natural macroporous materials: alpha quartz (80%), magnetite (11.4%) and silicon diphosphate (8.9%). All mentioned materials are characterised by a low surface area and adsorptive capacity (Djukić et al. ) . The concentrations of heavy metals were higher in the finer fractions compared to the concentrations in the coarser fractions (Djukić et al. ) , which has also been observed in other studies (Zhao et al. ; Kayhanian et al. ) .
The build-up functions (1), (2), (3) and (4) were fitted against measured build-up. The coefficients C 1b , C 2b and C 3b of the tested build-up functions were determined by minimising the sum of the squared differences between the modelled and experimental results. For all analysed parameters, the linear build-up function (1) had a significantly higher sum of squared differences than the other three build-up functions and it was therefore excluded from further considerations. TS and TSS were very well correlated and their build-up patterns were similar and, therefore, only the results for TSS are presented. The same Table 4 and Cu ions, which were detected in low concentrations, close to the detection limit. The measured results indicate a much higher build-up on asphalt surfaces than on concrete, especially for TSS, COD and heavy metals. This may be attributed to surface use, where asphalt surfaces directly exposed to vehicular traffic show much higher accumulation of particles than concrete surfaces of sidewalks. Another factor that may influence pollution buildup rate is surface roughness, where surfaces with higher roughness (asphalt) tend to accumulate more pollutants. However, this assumption could not be further tested on the investigated site, since all surfaces for vehicular traffic are asphalt and all sidewalks are concrete. Comparing the measured build-up with other studies on different locations ( , it can be concluded that the measured build-up is extensive, especially on asphalt surfaces (for some parameters even 20 times higher). This may be attributed to several factors: the absence of regular cleaning of the investigated area, slow moving vehicles which do not produce air circulation that may disperse and remove particles and pollutants from the parking lot, type and age of vehicles that use the parking lot, air quality in the area, etc. Also, it should be noted that other studies applied The measured results were further statistically analysed, except for pH value and orthophosphates. pH was excluded from further analyses due to the very narrow range of obtained values, while orthophosphates were excluded since they were detected only in five samples and their concentration was below detection limit in the remaining 13 samples. The correlation between measured results was investigated by applying Pearson's correlations, and the results are presented in Table 5 .
Conductivity is weakly correlated to solids, COD, turbidity and heavy metals, but shows a stronger correlation with highly soluble chemical species in the analysed samples: anions (except nitrates), TN and TP. TSS and TS are fully mutually correlated, and they are strongly correlated with TP and heavy metals, except with copper. This can be attributed to physical or chemical bonding of these parameters to the particulate matter. Copper has a weak correlation with all the investigated parameters. Turbidity is strongly correlated to solids, COD, TP, heavy metals and sulphates, and shows a slightly weaker correlation with TN, chlorides and bromides. Due to its strong correlation factors and the simplicity of performing turbidity measurements, turbidity can be considered as a surrogate parameter for assessing build-up of these parameters. Chlorides and sulphates show strong correlation with TN and TP, while other examined anions show, in general, a weaker correlation with other parameters due to their high solubility and/or weak interactions with other analyzed parameters.
The principal component analyses (PCA) was applied using XLSTAT software, on a total of 16 variables (measured parameters) and 18 samples, or a total of 288 variables grouped into 18 observations. The results of the PCA analyses are shown in a form of biplot in Figure 6 , where points labelled from A1-1 to A1-9 denote samples from asphalt, from S1-1 to S1-9 samples from concrete, while pH, κ (conductivity), COD, TS, TSS, Turb., etc. are variables -measured parameters.
As shown in Figure 6 , the first principal component (F1) is related to all of the measured parameters except conductivity, NO 3 À , NO 2 À and Cu. F2 component is related to conductivity and NO 3 À , while the F3 component is related to NO 2 À and Cu. The percentage of data variability covered by the principal components F1 and F2 is 76.26%. The data for A1-1 are not displayed because they exceed the display range: the coordinates of point A1-1 are F1 ¼ 1.51, F2 ¼ 2.89. Objects which exhibited similar variances to the analyzed variables have similar PCA scores and formed a cluster when plotted on a biplot. It is evident from the biplot in Figure 6 that results from asphalt and from concrete surfaces form separate clusters. Clustering may be attributed to lower pollution accumulation rates due to surface use (e.g. vehicular vs. pedestrian traffic) and also due to surface properties (lower surface roughness and lower capacity for pollution accumulation).
Strongly correlated variables have the same magnitude and orientation of vectors when plotted on a biplot, while vectors representing uncorrelated variables are orthogonal to each other. According to the biplot in Figure 6 , there is strong correlation between TS, TSS, COD, turbidity and heavy metals, which suggest that they have the same origin -particles accumulated on the surface. Slightly weaker correlations exist between κ and investigated anions, except NO 3 À , which is expected, since κ is a measure of presence, concentration and mobility of ions in water. NO 3 À show weak correlation with any of the examined parameters.
CONCLUSIONS
The results of the study indicated a gradual slowing down in the build-up rate over time for all investigated parameters. The amount of accumulated materials increased during the 11-day dry period, but saturation was not reached. Compared with other studies and reports, the measured buildup was very high, especially on asphalt surfaces. This may be attributed to several factors, the main ones being the absence of regular cleaning of the investigated area, type and age of vehicles that use the parking lot and air quality in the area.
From the results for asphalt surfaces, it can be concluded that the POW function best describes the build-up of κ, COD, TSS, TN, TP, heavy metals except for Cr, Cl describes COD and Fe build-up. Regarding results from the concrete sidewalk, the POW function shows the best fit for all parameters except for Cu and SO 4 2À , which are best described by the EXP function. Greater build-up was recorded on the asphalt parking lot than on the concrete sidewalk. This may be attributed to surface use, where surfaces directly exposed to vehicular traffic accumulate more pollutants. The amounts of accumulated TS, TSS, COD, heavy metals and TP on asphalt surfaces were two to three times higher than on concrete. However, the amounts of accumulated TN and investigated anions were only up to 30% higher on asphalt than on concrete.
Pearson's correlation analyses show strong correlations between TSS, TS, turbidity TP and heavy metals, except with copper, which can be attributed to physical or chemical bonding of these parameters to the particulate mater. Conductivity is weakly correlated to solids, COD, turbidity and heavy metals, but shows a stronger correlation with highly soluble chemical species in the analysed samples: anions (except nitrates), TN and TP. Copper has a weak correlation with all the investigated parameters.
The PCA analysis revealed a strong correlation between TS, TSS, COD, turbidity and heavy metals, due to their same origin, which are particles accumulated on the surface. Slightly weaker correlation exists between κ and the investigated anions, except NO 3 À . NO 3 À concentrations demonstrated the lowest correlation with any of the analysed variables. The PCA analysis demonstrated high variability of results and clustering of results per surface type was evident, which should be further investigated.
